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Abstract: We have used nuclear model codes developed at ENEA, Bologna,

Italy, to calculate (n,y) capture cross sections on 76 neutron-rich

nucl ides. The physics models used and the method of obtaining relevant input

parameters are sunnnarized.

Introduction: We have recently considered the question of calculating

(n,y) capture cross sections for very neutron rich nuclides for which no

experimental measurements can be made. In this report, we surmnarize the

physics models used for these calculations as contained in a system of

computer codes written at ENEA, Bologna, Italy. These codes were formally

used for calculation of cross sections for materials employed in the design of

the Super Phoenix reactor. We discuss the systematic used to generate input

parameters to these calculations and present results for 76 neutron rich

nucl ides. We also estimate uncertainties in the calculations for individual

nucl ides, and suggest steps which should be taken if a higher degree of

accuracy is desired.
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A.

A.1

THEORETICAL APPROACH

The Cross Section Formalism

Hauser-Feshbach theory for particle capture cross sections yields:

2 Jm
<ony(En) > = ‘Z 2J+l)t~rlj ( ~J

(2s+1 )(21+1)

(Eq. 1)

TyJw(En+Bn)

.—. — _ WJm(E)

I
TJfi

(En-EL)+ T~(En+Bn)
lji’j’

~~ljl ~ljl

where s =: incident particle spin, I = target spin, ~=~+;, J=total

angular momentum, t~#(E) are the generalized optical model transmission

coefficients, WJm(E) is the width fluctuation correction factor (See Refs.
QjQ’j’

RE -76, GR-77, RE-78) , L = index labeling target levels, EL = energy of L-th

level, and T
Jr
~ the y transmissions coefficients:

Jr
Jfi 2* r ~ (En+Bn)

T~ (En+Bn) = ____

DJfi(En+Bn)

(Eq. 2)

where r< (En+Bn) is the total y-decay width of compound nucleus states

of spin J and parity r at an excitation En+Bn (where Bn is the inci-

dent particle binding energy) and DJfi(En+Bn) is the spacing of such

states.
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A.2 The y-LlecaV Model

For the y-decay description, the

adopted. This consists of replacing

(y-absorption) by the Lorentzian fit

The cross section for the absorption

Brink-Axel hypothesis has been

the inverse process cross section

of photon absorption cross sections.

of one photon of electric E (or magnetic

M) character and of multi pole order Q by an initial level i to a final

single isolated level f is:

2 ~E(M).~(f+i)r
E(M) .~(i+f).2wx2g ~~~ f

a
(. -Ef) +. rf

(Eq. 3)

where

(Ei, J

~=E

i and f denote also the quantum numbers of the initial and final levels

,tii) and (Ef, Jf,fif) respectively.

-Ei is the photon energy

x = ‘$ is the photon wavelength

2Jf+l
— is a statistical factor

‘=2J+1
i

rE(M)’Q(f+i)is the
Y

of the level f via

multi pole order k.

partial width for the inverse process of de-excitation

a photon emission of electric E or magnetic M character and

rf is the total width of the resonance (Ef ,Jf ,fif). ..
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The cross section integrated over the whole range containing the resonance

(Ef, Jf, tif) is:

II(i, f) = aE(M)’L (i+f)d. = fi2K2gr~(M)’i(f+i)
(Eq. 4)

By way of definition, the cross section averaged over a photon energy interval

containing n resonances all characterized by the same spin and parity, as for

f, is:

n
~r Ir(i, f)

<aE(M), !(i+f)> . L__
AC Ac

(Eq. 5)

while the integrated cross section I(i, f) averaged in the same interval Ac is:

n
~r Ir(i, f)

(Eq. b)

<I(i, f)>Ac =
]

n-

We thus have:

<CE(M), I
(i+ f)>hc = ~ <I(i, f)>~c ,

(Eq. 7)

where ~< is the mean spacing D(Ef, Jf, mf) of the resonances with spin Jf

and parity -f at the energy Ef, while:

. #’x’g <r ‘(M) ’L(f+i)>AC .<I(i, f)>&C
-f

(Eq. 8)
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By combining Eq. 7 and Eq. 8, one gets:

<OE(M)’L(i+f)>Ac
= ~2x2g <r ‘(M)~i(f+j)>hC

(Eq. 9)

/D(Ef, Jf,wf) ,
Y

which relates the average radiative width for the transition (f-~i) to the

average photo cross section’ for the inverse absorption process (i+f) The

Brink -Axel estimate is based

the following assumptions:

on the result expressed by Eq. 9 in the light of

1) Only electric dipole

of the levels in the

photo-absorption (El) contributes to the excitation

continuum energy region

2) The average photo-absorption

ence may be represented by a

3) The average photo-absorption

state excitation energy.

cross section is known and its energy depend

Lorentzian curve.

cross section does not deDend on the initial

Assumptions 1 and 2 are confirmed by the experimental evidence that the giant

resonance is a general property of the ground state photo-absorption cross

section which results primarily as built up from electric dipole absorption

and its experimental shape is well described by one or more Lorentzian curves.

~2r2 (Lq. 10)
R

Oy(O, C) = aL(c) = zRaR .. —. ——. —

(C2-E; )2+C2r;
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where d ~,ER,rR are fit parameters corresponding to the peak cross

section, peak energy and half maximum width respectively.

As regards the absorption of photons by nuclei in an excited state in

accordance with assumption 3, Rosen zweig (RO-68) has shown that there is some

experimental evidence for the mean energy of the dipole strength distribution

built on an excited state of energy Ei (relative to the ground state) being

displaced upwards in energy by an amount Ei This fact supports the idea

that the total photo-absorption cross section built up on an excited state

Ei with one photon of energy s is related to the ground state photo-

absorption by the equation:

c=(fi+Ef) =. IY(O+Ef-Ei) (Eq. 11)

Ef = Ei+. being the excitation energy of the final state. According to

this hypothesis, summation of Eq. 9 over all final states f related to the

initial state i by El selection rules gives the equation:

UL(C) = m2z2~f9<r ~’ (f+i)>dc/O(Ef ,Jf ,fif) (Eq. 12)

In addition, if the assumption is made that the radiative strength function

<r~’ (f+i)>AC/O(Ef ,Jf,mf) does not depend on Jf, the average radiative

width for the transition (f+i) may be written as:

a-E1~ (f+i)>hc = /dL(c)o( Ef, Jf, wf)/3(fic)2
(Eq. 13)
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The total radiative width is obtained by summation of Eq. 13 over all the

lower states i permitted by the El selection rules:

iy(Ef, Jf,7f) = ~i <r~l (f+i)>hc

We split the summation in Eq.

to the discrete levels,

where E,

A.3

as wel

(Eq. 14)

4 into two parts to account for the transitions

as to the levels in the continuum:

2

~y(Ef, Jf, wf) = IiIJ,~r, _rf(Ef_Ei )2~L(Ef-Ei) +
3(tihc)zp(Ef, Jf) 1 1’

1
‘f-ECut

+— —
J

c2uL(c) zjp(Ef-~, J)d~ ,

WW2AEf,Jf) o

are the energies

The Level Density

of the discrete levels.

(Eq. 15)

The formulation for the level density p(E, J,w) has been adopted from

Gilbert and Cameron (GI-65):

p,(E), f(J, E)Nfi, E) E<EX

p(E, J,ti) =
@E) f(J, E)N~, E) E>EX ‘

(Eq. 16)

where f and P are the spin and parity energy dependent distribution laws

PI(E) and P2(E) are the low and high energy total level density
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expressions given by:

r exp 2 ~~
P2(E)= ;

2wo(E)a “4( E-A)5’4

In fqs. 18, A is the pairing energy.

are made to match at some excitation

P,(EX) = P2(EX)

and

dpl(E)

dE

dp2(E)
...—

f=Ex
dE

E=EX

The two

energy, E,

(Eq. 17)

(Eq. 18)

evel -density formulae adopted

where:

Eq. 17 is phenomenological

levels. Eq. 18 is derived

and is parameterized by fitting

from the Fermi gas model and is

(Eq. 19)

(Eq. 20)

the discrete

justified where the

underlying statistical assumptions hold. The so-called level density param

eter “a” in Eq. 18, even if it has a well known physical meaning and, in prin-

ciple could be determined theoretically, (see Sect. B.Z), in practice is taken

as a free parameter. By assuming that Eq. 18 holds in the neutron resonance

region, “a” can be determined by fitting Eq. 18 to the mean spacing, Dob5erved,

of neutron resonances,

1+1/2 (Eq. 2“1)
1 = 1/2 z—. P2(E, J)

‘OBS
J=\l-1/2}
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Therefore, S-wave resonances are obviously most suited to this purpose. Let

EXP,,
us designate the values of “a” so determined by “a T“he normalization

procedure expressed by Eq. 21 avoids obvious model approximations while assur

ing the validity of Eq. 18 in a broad neighborhood around the neutron bindirlg

energy En. As a matter of fact, fitting p2 to the density of neutron

resonances and p, to the dehsity of discrete levels, one expects a reason

able reliability of the level density so determined in the whole energy range

up to a few MeV above Bn, which is the region of main interest in low energy

neutron capture.

The matching conditions (19) and (20) establish relationships among

various quantities involved in Eqs. 17 and 18. In particular, one has:

Eo=Ex-l”[lnpZ (Ex)]

1

[

3—. —. —.—.
T= U;-2UX

([q

(Eq

the

22)

23)

F:quations (22) and (23) allow for a complete parametrization of the presently

adopted level density by knowledge of only two parameters, “a” and either “Tor

Ux, one for each of the two equations involved. T has the meaning of nuclear

i?mperature, which has proven to be fairly constant

region, in particular in the discrete level region.

,ruach outl ined is that the parameters involved, a,

established systematic trends.

in the low excitation energy

One advantage of

Ux and T, exhibit

the ap -

well
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B. PARAMETRIZATION

In order to obtain cross section values

parameters are necessary:

1. Optical model parameters (OMP)

2. Level density parameters (LDP)

3. y-decay parameters (GRP)

4. Level schemes

5. Reaction q-values

6. Deformation parameters

B.1 Choice of Optical Model Parameters

rom Eq. 1, the following sets of

The potential scattering radius, R, is related to the shape elastic cross

section. Far from the resonance region Cshape elastic ‘ 4flR2. This

R contributes important information in selecting the real potential well

depth. The strength functions, S}=O, S1=l , S1=2, giving the mag-

nitude of the average neutron absorption in the resonance region, are also

useful in determinating the imaginary part of the potential . Because the

incident energy range of interest here falls into or is very close to the neu-

tron resonance region, it is appropriate to consider the quantities R, S1=O,

s
L=l ‘ %:.2’

when choosing our OMP. Given the large uncertainties

affecting parameters involved in our calculations, it is assumed that the

average nucleon-nucleus interaction depends mainly only on A. Accordingly,

reaction characteristics such as scattering radius R, strength functions

s etc. ,
L“

also are assumed to depend only upon the target mass A. Within
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such an approximation, the validity of R and S1 systematic, as well as

those of global OMP sets have been extrapolated off the stability valley.

Among various global OMP sets available in the literature, we adopted

Moldauer’s (MO-83) spherical OMP set. In fact, this was determined by fitting

the quantities R, S1=O, Si=l , and therefore, it seems especially

suited to the energy region of interest here. For some of the isotopes in-

volved in the present calculations sizeable direct collective contributions

are expected. However, using coupled channel calculations would not improve

the accuracy of the final result. In fact, in many cases, even the target

ground state spin and parity are not known, while

most of the other parameters. In Figs. 1 through

Moldauer’s OMP are compared to the systematic of

large uncertainties affect

4, the results obtained with

Mughabghab (MU-84) including

coupled channels calculations, for s-, p-, d-wave strength functions and scat-

tering radii respectively. The rather low values obtained for S2 do not

bother us much at the energies of interest here, but indicate that Moldauer’s

OMP should not be used at incident energies much higher than the resonance

region, where higher order k-values are involved.

B. 2 Level Density

6.2.1 Level Densitv Parametrization

According to the Fermi gas model, by way of definition (GI-65):

2
a.+g and ~=w)

Ac ~=E
F

(Eq. 24)
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where N(s) = cumulative number of single particle states, EF = the energy

of the Fermi level with AC an energy interval around the Fermi level of the

order of the thermodynamic temperature t, where the density of single particle

states g has to be determined. In Fig. 5, g is shown as obtained from Eq. 24

in terms of the unified Nilsson model for different deformation parameters P

for a thermodynamical temperature typical of neutron resonances. In Fig. 5,

one observes that for low b–values (e.g. (3=.1), the trend of the parameter

g exhibits typical shell closure dips at magic neutron or proton numbers,

whereas at increasing p-values this trend tends to disappear. Such a

pattern, besides a dependence on P, also indicates a dependence on N and Z

according to different single particle state spectra typical of different

nuclei. So it appears convenient to plot experimental values of “a” as

deduced from neutron resonance spacings vs. N to give overall systematic, as

shown in Fig. 6. If in addition, “a’’-values are grouped according to

isotope-families, one gets local systematic where the Z- and B–dependence

are simultaneously accounted for as well .

In a statistical sense, Eq. 24 implies that the nucleons participating in

the excitation process are those lying in the orbitals within the mentioned

interval Ac:t around the Fermi top. Because t depends on the excitation

energy E then it is a=a(E). According to such a picture, a(E) is expected to

behave asymptotically with E. In fact, for low E-values, a(E) is fluctuating

with E according to the single particle state spectrum typical of the nucleus

considered. At increasing E, Ac includes an increasing number of single

particle states so that the derivative in Eq. 24 becomes more and more

independent of AC while approaching its asymptotic value. Because t behaves

like the square root of E, “a” varies slowly with E within small intervals of

E-values, but not for E-values too low. This conclusion and the assumption
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that neutron binding energies are high enough, underlie the approximation that

“a” is energy independent, which we used in deriving our systematic. The

latter were obtained, according to Eq. 21, from mean observed spacing, DOBS,

of neutron resonances because these constitute the largest source of experi

Mental information useful to this end.

In practice, neutron resonances are available only for stable nuclei where

En ranges (except for a few cases) over a fairly narrow interval of values

around 7 MeV. lherefore what one obtains are the systematic of “a” at Bn.

In general , En is below the excitation energy region where “a” reaches its

asymptotic value even if a(Bn) can be close to it. To the extent that Bn

is low and a(Bn) is far from its asymptotic value, one has to expect some

consequent spread in “a’’-systematics. From this discussion, it should be

clear that extrapolate

better justified for

-6-7 MeV.

ons of “a’’-systematics off the stability valley are

sotopes with a binding energy not much lower than

In Fig. 1, the systematic of the nuclear temperature vs mass number A do

not exhibit any particular shell structure effect and show only a weak

A-dependence. This behavior can be interpreted from the observation that the

density of low lying discrete levels of all nuclei can be described by a con-

stant nuclear temperature. This implies that, in the low energy range with

increasing excitation, the energy distribution in the excited system does not

change appreciably. As far as this picture is realistic, one expects that the

trend of the nuclear temperature should depend only on A regardless of shell

closure effects, as can be seen in Fig. 7 and of the location with respect to

the valley of B stability. Due to the very slow variation of T with A, Ux

also shows a well established trend (see Fig. 7) according to the correlation

with “a” as expressed in Eq. 23.
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The methods outlined and discussed for systematizing the level density

parameters have been used extensively in the stability valley region and have

proven satisfactory and reliable.

In order to derive local systematic, best suited to extrapolations for

the purposes of the present work, we have considered all available experi-

mental information on discrete level schemes (see Sec. D) and on neutron

resonance schemes (MU-84) for all isotopes of all families of interest. From

analysis of this information, local systematic of a, Ux, T were deduced for

each isotope family (see Figs. 8 and 9) . Because no resonance schemes were

EXP
available for unstable isotopes, determination of a was limited to stable

isotopes only. Therefore, local systematic for “a” were extrapolated (see

Figs. 8 and 9) according to the guidelines of the overall systematic in Fig.

b and of the definition in Eq. 24 applied to Nilsson model orbitals, as given

in Fig. 5. Discrete level schemes were available for a few unstable iso-

topes. For these, Ux and T parameters could be determined which clearly

confirmed the reliability of the adopted extrapolations. Through Eq. 23, this

also resulted in an indirect test on the local systematic adopted for “a”

parameters. In the worst cases of very low Bn, the greater confidence in T

systematic lead us to parametrize the level density based mostly on consider

ation on 1“. This procedure is fully justified in such cases, because Ux >

Bn+En (our neutron incident energies being En < 500 keV). and there-

fore the constant nuclear temperature approach p, would be used in any

case over the entire energy range.

13



6.2.2 The SDin Distribution

According to GI -65 and RF-78, the following energy dependent spin distri

bution was adopted.

~(J,E) = ~,2J+l)e-( J+l’2)2’2c2(E)
—.

202(E)

(Eq. 25)

where

1=
.146 ~~ A2’? when E~Ex

02(E) =
(Eq. 26)

= linear interpolation between U2(EX) and a~vL. when E~utsE$Ex

where A = mass number and Ecut is the energy of the first level of unknown J

or w characteristics.
2

aLvL is obtained by a maximum likelihood fit

of the distribution law of Eq. 25 to the discrete level spin distribution. It

is given by:

(Eq. 21)

where L = the maximum number of levels. The importance of using a correct.

spin distribution in y-decay calculations is evident due to spin and parity

selection rules of the y-transitions. Less evident, but nonetheless very

important, is the influence of the spin distribution on neutron capture due to

the enhancement or suppression of the competition from certain neutron chan-

nels by way of total angular momentum conservation.

14



B.2.3 Paritv Distribution

A parity distribution can be used of the form p(E, w) = e
a“E+b”

where am, b“

are fit parameters to the discrete level parity distribution, if available; if

not, one has to assume p(E, w) = 1/2. Due to parity selection rules, the

parity distribution plays an important role in y-decay calculations.

B.3 Giant Resonance Parameter Systematic

For the El photon absorption cross section, CL(C) is given by the

Lorentzian fit to the El photo-absorption cross section in the giant resonance

region (see Eq. 10). Usually, R equals one or two; OR, rR, CR

are giant resonance characteristics. The dependence on B of the giant

resonance parameters is taken from the systematic of RF-78, see Figs. 10 and

11. Formula 15 and the adopted GRP parametrization have been shown (BE-74,

RF-78) to give absolute values of the total radiative width of neutron reso-

nances r~” (Bn) provided the level density is correctly parametrized.

They also proved to give satisfactory y-ray spectra (WI-B2, RE-83) .

B.4 Oiscrete Level Schemes

Discrete level schemes were taken from ENSOF (Evaluated Nuclear Structure

Data File). From the ENSDF file, an evaluated level scheme file was created

from which level schemes could be directly read by the model codes CERBEREI and

AMLEIO. Essentially, this was achieved by a few spin and parity assignments

where

state

ment.

strictly necessary, e.g. , when J and m were not given for the ground

or where one had to choose among more than one possible spin assign-

In particular, for the ground state, spin and parity assignments were

15



made based on the Nilsson Model (given the deformation parameter) and based on

systematic considerations of neighboring isotopes of similar even-odd charac

teristics. In the case of unknown level schemes, another very important piece

of information is the energy of the first excited state E, . In target

nuclei, this determines the Q value of the neutron inelastic reaction and

therefore plays a dominant role in the (n,y) reaction as well In compound

nuclei , this also plays an important role because the placement of El

influences the total number of y–ray transitions.

6.5 Mass Tables

Neutron binding energies are internally computed by the AMLETO and CERBERO

codes. The data set is constituted by the atomic mass data tables of Wapst.ra

and Bos (WA-77) and where these data are not available, by the theoretical

calculations of Moller and Nix (Mo-81).

B.6 l)uadruDole Deformation Parameter II

The deformation parameter (3 is important in the present calculations.

lhis is necessary information for shell model considerations about spin and

parity assignments of ground states of unknown characteristics. Considers

tions of the systematic for the level density parameter “a” are also based on

the shell model and on the dependence of “a” on P (see Fig. 7). In addi-

tion, however, B is used for determining the giant resonance parameters fclr

which the absolute value and sign of p are necessary. In particular, the

sign of p is more important because the relative size of the first and

second photo absorption cr~ss section peaks of the split giant resonance are

16



reversed depending upon the prolate and oblate shape of nuclei This conse

quently affects the y-decay probabi lity.

The deformation parameters adopted and quoted in Table 1 were taken from

81. An uncertainty L13:.05 was estimated for all adopted values of 13.

The information given by the resonance schemes was

for the complete determination of local systematic of

parameter “a”, even in the stability valley. In fact,

not

the

for

always sufficient

level density

a large number (of

isotope families around the p-wave peaks, S– and p-wave resonances are mixed

and cannot always be separated and identified. This makes the statistical

analy - sis of resonance schemes difficult, if not impossible. For a number of

iso - topes, only a few resonances are

is not very meaningful.

In order to determine the overall

available so that statistical analysis

systematic of “a”, sparse information

can also be useful , but to determine local systematic for single isotope

families a sufficient number of isotopes should be known for each family.

Both to overcome the lack of reliable information and to check the results

deduced from statistical analysis of neutron resonances, we had to refer to

additional experimental information such as total radiative widths of neutron

resonances r~(Bn) and neutron capture cross sections at 30 keV on ~ and test

different “a” values against r and a calculations.
Y njy

We considered all the information from MU-84. In particular, first from

’06S
for s-wave resonances and from the analysis of discrete level schemes,

we determined the level density parameters a, Ux and T. These gave us the

local trends for the respective SySteMdti CS. Then we checked isotopic values

17



of a, U~, T and local systematic by comparison of calculated ry(Bn, J,s)

for s- and p-wave resonances with the respective values from MU-84. Finally,

we checked the entire parametrization by comparison of calculated and experi

mental total an ~ (E). As a result, we arrived at the systematic shown

in Figs. 8 and 9 for a, Ux and T. As one can see, a-values are affected by

a much larger spread than the corresponding T– and Ux– values. in

particular, for higher masses, as shown in Fig. 9, a-values corresponding to

e-e targets exhibit a distinct behavior according to different isotope

families. The same cannot be clearly identified for the data corresponding to

even-odd, odd-odd, odd-even targets for which overall systematic common to

all families appear to be fully adequate in most cases.

According to the discussion outlined in Section B.2.1, in extrapolating

“a” systematic off the stability valley, a wider uncertainty range had to be

al lowed for “a”, especially for cases in which Bn was much lower than that

of isotopes in the stability valley. Of course, information as to the reliab-

ility of “a” comes primarily from the related quantity T. In all cases,

uncertainties on a-, Ux-, and T-values adopted were estimated from consider-

ation on the spread of data around the respective systematic.

T“he parametrization adopted, is summarized in Table 1. In column 2 of

Table 1, uncertain target ground state spin and parity assignments are given

in brackets. In some cases, all probable assignments are quoted, the first of

which being the one adopted. In Table 1, parameter uncertainties are also

quoted.

In Figs. 12 and 13, comparison is made of the calculated total radiative

widths for s- and p-wave resonances respectively with the systematic of

MU-84. In some cases, especially for p-wave resonances, our calculated aver-

18



age radiative widths showed a strong spin dependence. Therefore, the calcu

lated values given in Fig. 12 and 13 were obtained as weighted averages

according to the statistical factor 2J+1 With that, we felt that we would

obtain the best agreement with the average experimental values quoted in

talc
MU-84. One can see that, in general, ry do not exhibit large

deviations from the data typical of the stability valley. The only exceptions

seem to be those compound nuclei characterized by very low neutron binding

energies. In fact, a deviation of ry with respect to the systematic of

the valley of stability can be expected when Bn is particularly low because

the smaller Bn, the smaller the number of y-transitions.

Preliminary neutron capture cross section results are given in Table 2 for

a few energies in the range 1 kev s En s500 kev. Sensitivity calcula-

tions were performed for
135
~6Ba (n,y) reaction cross section in the

whole energy range and are shown in Table 3. These were obtained by letting

target and compound nucleus parameters vary according to the respective uncer

tainties quantified in Table 1. The case considered is one associated with

the largest uncertainty. In addition, the unknown ground state spin and

parity values were allowed to vary from 7/2- to 11/2+, while the unknown

neutron inelastic competition threshold was allowed to vary in the range 0-60

keV, as shown in Table 1.

In Table 3, results of sensitivity and error calculations in

135
Ba(n, y)

are shown. Percent errors quoted were derived using error propagation

theory. To this end, parameter uncertainties were used with the meaning of

standard deviations. In doing error calculations “a” and Ux, as taken from

the respective systematic, are to be considered as uncorrelated in spite of

Eq. 23. Frrors from uncertainties due to target parameters and due to com-

19



pound nucleus parameters are given separately as wel 1 as the total error due

to error propagation of both target and compound nucleus parameters.

From the results of our detailed sensitivity and error calculations in

135Ba (n,y) one can conclude that:

the total uncertainty from target parametrization is negligible below the

threshold for neutron inelastic competition; whereas above, it becomes

comparable to that due to the compound nucleus parametrization,

uncertainty from ground state spin and parity assignments results in a

maximum 30% in target parametrization uncertainty,

uncertainty from target parametrization is dominated by the uncertainty in

the threshold of neutron inelastic competition, fol lowed by that in the

level density parameters “a” and especially Ux,

uncertainty from compound nucleus parametrization is dominated by the

uncertainty in Ux followed by that in “a”,

total uncertainty increases with incident neutron energy because the

number of open competing channels increases, each of which carrying its

own uncertainty contribution.

Error calculations were also performed for at least one isotope of each

family of interest; we chose the isotope with the highest fission yield. For

a few isotope families, error calculations were performed for all isotopes.

Results are presented in Table 2. Note that errors are asynnnetric about the

central value. At 1 keV, the percent negative standard deviation Ao
n.-r-)

ranges between 20% and 50% with a narrow peak around 35%, which includes 60%

of all cases considered. Ad n ~(+) ranges from 30% to 110% with a wide
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peak around 50%; 70% of all cases range between 40% and 70%. At 500 keV,

A.sn ~(-) ranges from 30% to 11O% with a peak around 50%, while 80% of

cases range from 40% to 60%; Aun ~(+) (exception made for 102Nb)

ranges from 30% to 200% with a peak around 80%, while 65% of all cases range

from 60% to 90%. To summarize, we conclude from the present calculations that

for -70% of all cases, the standard deviation is less than a factor of 2.

Sensitivity calculations to OMP are not easy to do because of the diffi

culty of relating uncertainties from OMP to those of quantities calculated by

the optical model . A way to get around this problem is to use a strength

function model because strength functions are measured quantities which can be

expressed in terms of the opt

Eq. 1 can be expressed as:

cal mode Accordingly, the branching ratio in

(Eq. 28)

As has already been indicated, one requirement to be imposed on the optical

model parametrization is to fit strength functions. This implies that maximum

uncertainties expected in a
n.-f

in Eq. 1 from the optical model, do not

exceed the maximum spread of strength functions around the systematic of

Figs. 2 and 3 (as long as the neutron absorption is not affected too much by

higher neutron excesses of the presently investigated isotopes) . In

particular, because <ry/D>i << ~l,Tt, a partial cancellation

takes place between incoming and outgoing channels in the numerator and denom

inator of Eq, 28, which tends to neutralize strength functions and optical

21



model Ti-uncertainties. Cancellation becomes

energies, in the denominator of Eq. 28, only

Accordingly, we believe tha~ compared to the

complete when, as at low

one Q’ -value dominates.

major uncertainties (e.g., from

the level density parametrization) , uncertainties from optical model quanti-

ties can be neglected.

Uncertainties from the photon absorption cross section .YY, which

cannot be guessed, come from the fact that when Eln is low, the low energy

tail of the Lorentzian becomes more important where extrapolations are not

very reliable. No significant uncertainties are expected from the extrapola

tion of gian resonance parameters as far as the value and sign of deformation

parameters is known.

An equal distribution between the two parities was assumed because of a

complete lack of adequate information to perform a parity distribution analy-

sis. We did not study the effect of extreme hypotheses like P(z=+)=l and

p(w=-)=1 and did not include such results as an estimate of the uncertainty

propagated in neutron capture due to the uncertainties in the par

but ion.

ty distr’

D. CONC LUS IONS

The results of our sensitivity calculations pinpoint those parameters

which have the greatest effect upon the accuracy of our model calculations,

namely level density parameters and nuclear structure data, which are respon-

sible for over 80-90% of the final estimated uncertainty.

No sophisticated nuclear modeling has been performed to generate missing

information such as energy, spin, and parity of discrete levels. In many

cases, the spin and parity of the target ground state were unknown. These
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have been estimated by use of the Nilsson model and by comparison with neigh-

boring isotopes of similar nuclear even-odd characteristics. The same was

done to estimate the energy of the first excited states in target nuclei ,

which, being the threshold of (n, n’) competition, can be very important in the

accuracy of the results. Revision of these input data following more sophis-

ticated nuclear theory by experts in this area would permit a reduction in the

estimated uncertainties where Iw are unknown as experimental ly deduced

values.

These results should be regarded as preliminary ones in that all parame-

ters were taken by systematic for most nuclei . If lower uncertainties are

important, then a second iteration should be done using the results of the

sensitivity and error calculations to pinpoint those parameters requiring more

reliable values for each case.

061 2A-9/2/86
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Table 1: Table of parameters used.

Table 2: Calculated (n,y) cross-sections.

Table 3: Sensitivity calculations for variations of most important
parameters.

26



Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Potential scattering radius R vs. mass number A, as calculated
from Moldauer OMP compared to the systematic of Mughabghab,
MU-84. Points with error bars represent experimental 1y deduced
values as swmnarized in MU-84.

L=O strength functions So vs A, as calculated from Moldauer OMP
compared to the systematic in MU-84. Points with error bars are
experimental 1y deduced results as summarized in MU-84.

L=l strength functions S1 vs A, as calculated from Holdauer OMP
compared to the systematic in MU-84. Points with error bars are
experimentally deduced results as summarized in MU-84.

L=2 strength functions S2 vs A, as calculated from Moldauer OMP
compared to the systematic in MU-84. Points with error bars are
experimentally deduced results as summarized in MU-84.

Shell model single particle state density g vs. neutron number N
and proton number Z, for different deformation parameters 13..

Overall systematic of the level density parameter a vs. neutron
number. See RF-78 for details.

Overall systematic of matching energy Ux and of nuclear
temperature T vs. neutron number. Origin of points is discussed
in the text. Circled dots refer to Sn isotopes.

Local systematic of level density parameters a, T, and Ux vs.
neutron number around the magic number N=50.

Local systematic of level density parameters vs. neutron number N
around the magic number N=82.

Figure 10: Giant resonance parameter systematic for spherical nuclei vs.
mass number A.

Figure 11: Giant resonance parameter systematic vs. deformation parameter
P and vs. mass number A after ref. RF-78.

Figure 12: Calculated s-wave radiative widths compared to the systematic of
ref. 2 vs. mass number A.

Figure 13: Calculated p-wave radiative widths compared to the systematic of
ref. 2 vs. mass number A.
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lAOLE1: Parameters Used in calculations Summarized in Table 2.
The parameters are discussed in the text. lhe superscript ‘T’ indicates target isotopes

I*
Ground State

IsotoPe Spin and Parity

34 se 87T

34 se 88T

34 Se 89

35 Er 871

35 Br a8T

35 8r 89T

35 Br 90

36 Kr 69T

36 KR 90T

36 Kr 91T

36 Kr 92

37 Rb 91T

37 Rb 92T

3T Rb 93T

37 Rb 94T

37 Rb 95

38 Sr 92T

38 Sr 93’

38 Sr 94’

38 Sr 957

38 Sr 961

38 Sr 97’

38 Sr 98

5/2+7/2+

0’

5/2+T/2+

(3/2-)

(1-)

3/2-1/2-5/2-

5/2+1/2+

0+

5/2+T/2+

0’

7/2’9/2’5/2+

(1-)

5/2+

3-

5/2+

0“

7/2’

0+

T/2+5/2+1 1/2-
0+

T/2s5/2-9/2+ll/2-

0+

E, f, Ecut .3 u% “LVL “LVL
Mev MeV 02

fXPTL Guexsed MeV WV-1 MeV ExPTL GueTsed EC-84

0.708

0.108

0.143

0.254

0.191

0.B16

0.214

0.837

0.203

0,815

0.144

o.20~o.lo
o.50~o,lo
o.15~o.lo

o.35~o.lo

0.2ofo.15

o.30~o.lo

o.4ofo.lo

0.40?0.10

o.lo~o,07

0.10%0.05

o.2oio.lo
0.50?0.10
0.1520.10

O.35ZO.1O
0.20f0.15
O.3OLO.1O
0.0050.00

0.40~0 .10

1.00

o.40~o.lo

1.20

0.108

0.143

0.350

0.191

0.1050.07

1.000

0.214

2.614

0.203

1,900

O.lOtO .05

0.144

13.B~2

14.0!2

15, Tz2

11.LTf2

12.8f2

13,9f2

14,8f2

13.@~2

13.9~2

15,7~2

15.1~2

14.0:2

14,8f2

15.T~2

16.3f2

16,8f2

14.052

15.1~2

15.7f2

17,1~2

16.8f2

18,2~2

17.6f2

6.0+1

6.5fl

6.7?1

5.5fl

6,Okl

6.4~1

6.5?1

6.0?1

6.4?I

6.5?1

6,621

6.4il

6.5~1

b,5tl

6.521

6.5~1

6.451

b 5f1

6.3

6,btl

6.bfl

6,5f1

6.5~1

6.25

3,4

5,6

1.9

4.22

0.18

0,18

0.15

0.15

0.18

0,15

0.11

0.11

0,20

0.20

0.25

0,27

0.15

0.20

0.25

0.30

0.30

~,~?

,,



PaJyJ 1* c, E. fc”t a Ux a=LVL O’LVL
Ground State MeV UeV

Isotope
P2

Spin and Parity EXPTL Guessed Mev f4eV-1 MeV EXPTL Guessed BE-84

39 Y 95~

39 Y 96’

39 Y 97T

39 Y 98

39 Y 99T

39 Y 100

40 Zr 901

40 Zr 99T

40 Zr 100T

40 Zr 1011

40 Zr 102T

40 Zr 103T

40 Zr 104

&
w 41 Nb 10IT

41 Nb 102T

41 Nb 103

41 Nb 104T

41 Nb 105

42 Mo 102T

42 MO 103T

42 NO 104T

42 MO 1051

42 MO 106

43 TC 106T

43 ‘c 10TT

43 Tc 108

l/2-

r3-

1/2-

1+

1/2”

0+

1/2’

0+

1/2+11/2-5/2+9/2+

0+

7/2’5/2+11/2-

0+

9/2’1 /2+5/2+

(1+)

5/2+

(1+)

5/2+5/2-9/2+1/2-

0+

3/2’

0“

‘7/2’5/2+11/2-

0+

(3+)

1/2’9/2+5/2-”1/2”

(3+)

0.689

0.1o1

0.668

0.12

0,855

0.122

0.213

0.153

0.127

0.297

0.103

0,193

0.095

0,172

O.l?O .07

0.0

0.1?0.07

0.120.07

0,0

0.120.07

O.l!O .07

0.150.07

0.1?0.07

o.l~o. ol

O.lfO .07

O.l?O .07

0,100

0.15

0.668

0.11

O.l?O .01

0.0

0.900

0.300

0.300

o.l~o .07

0,2

O.l?O ,07

0.0

O.l?O .07

O.l?O, OT

0.4

o.l~o .07

O.l?O .01

0.35

0,3

0.25

0.15

0,2

O.l?O .01

O.l!.O.07

0.1:0.07

15.6~2

16.3~2

16.8~2

17.3f2

17.6t2

17,8*2

16,8f2

18.o~2

17.6!2

18,5k2

17,9f2

18.5t2

17,5t2

18.lf2

18.3f2

18.3f2

18.2i2

18.ot2

17.6t2

1L7,5f2

17.8f2

lET.5f2

11.5k2

lS.4~2

18.2+2

17,9f2

6.6?1

6.6?1

6,6?1

6,511

6.421

6.4?1

6.611

6.6fl

6.6?1

6.6:1

6.6~1

6.5:1

6.5~1

6.6fl

6,bfl

6,6*1

6.6tl

6.6tl

6.6~1

6.6fl

b.6~1

6,5~1

6.5fl

6.5~1

6.4~1

6.3~1

1.8

3.5

8.6

0.30

0.30

0.30

0.32

0.32

0,30

0.30

0.32

0.32

0.32

0.33

0.30

0.30

0,30

0,30

0.27

0.27

0,27

0.2}

0.25

0.25



c’.)
0

tig~l I* E. f. ~cut a u. O’LVL ‘=LVL
Ground State Hev t4eV @l

Isotope Spin and Parity EXPTL Guessed MeV MeV-l Guessed EC-84

44 R“ 108T

44 R. 109

49 [n 124’

49 In 125

50 Sn 130T

50 Sn 131T

50 Sn 132

51 Sb 130T

51 Sb 131T

51 Sb 132T

51 Sb 133T

51 Sb 134

52 Te 130T

52 Te 131T

52 Te 132T

52 Te 133T

52 Te 134

52 Te 135T

52 Te 136

53 I 1321

53 I 1331

53 I 134’

53 1 135T

53 I 136T

53 I 137T

53 I 138T

53 I 139

0+ 0,243

7/2+ 5/2+1 1/2- 0.099

z+

9/2+

0+

3/2+
o+

~+5+

1/2+
q+

1/2+

(0-)

0+

3/2+

0+

3/2+

0+

l/2-

0’

b+

1/2+

(4+)

1/2+

2-

7/2+

2-

0.037

0.181

1,220

0,335

4,035

0.070

0.085

0,963

0.84

0.64

1.85

1.90

0.022

0.312

0.044

0,080

0.243

0.2:0.10

O.l?O .07

0.45t0.2

0.45t0,2

0.9f0.2

o.95fo.3

0,3

0.15

0.1

0.2

2.0

0,4

4.5

0.07

o.2fo.1

0.085

0.963

0.1?0.01

0.84

0.64

1.85

0.45f0.2

1.90

0.45?0.2

0.90t0.2

0.2

0.4

0.3

0.9510.3

0.08

0.243

0.06~0 .03 0.0620.03

o.05~o .05 0.05! 0.05

17.5~2

18.1f2

16,7t2

16.6f2

14,5~2

13.8t2

12.7!2

15.9~2

15,3t2

14.422

13,4f2

15.L7z2

16.5f2

18.of2

15.0~2

16.1:2

16.0t2

16,3f2

17.ai3

16.0t2

15.3f2

14.5~2

13.6*2

15,b~2

17.5$2

19.4!2

26.2:2

f4eV

6.4~1

6.3f1

4.6:1

4.5~1

4.oil

3.6~1

2.6t0.5

4.321

4.Ofl

3,6*1

2.6?1

3.3fl

4.4?1

4.3?1

4.3il

3.611

3.0?1

3.3il

3.Tfl

4.3?1

4.1?1

3.5fl

2.5tl

3.3~1

4.Ofl

4.651

5.0!1

EXPTL

2.25

13,0

11

8

4

1o~5

1of5

1055

10!2

10:2

8:5

6!3

6:3

6:3

0.25

0.05

-0.05

-0.05

-0.05

-0.05

-0.05

-0.05

0.05

-0.05

-0,05

-0.05

-0,05

-0.05

0.05

0,05

0.05

0.05

0.05

0.05

0.08



(2!

@e.J

Isotope

54 Xe 135T

54 Xe 136T

54 Xe 137T

54 Xe 738T

54 Xe 1391

54 Ke 140T

54 Xe 141

55 Cs 139T

55 CS140T

55 Cs 141T

55 Cs 142T

55 Cs 143’

55 Cs 144

56 Ba 141T

56 Ba 142T

56 Ba 143+

56 Ba 144T

56 Ba 145’

56 B. 146’

56 8a 147

57 La 1441

51 La 1451

57 La 146

I* EL [, ~cut a h 02LVL “LVL
Ground State Mev Mev B2
Spin and Parity FXPTL Guessed MeV f4eV-1 Mev ExPTL Guexsed 8[ -B4

3/2+

0+

7/2-

0’

1/2-

0+

T/2+

(2-)

7/2+

(2-)

(7/2+)

(7/2-)

0+

(7/2-)

0+

9/2-13/2+7/2-

0+

1/2-9/2-) 3/2+

(2-)

(7/2+)

(2-)

0,2BB - - 0.60

2.400 - - 2.40

1.500 - - 1.50

0.590 - - 0,59

0.500 - - 0.50

0.310 - - 0.31

0,15?0 .15 o.15~o ,15

0,218 - - 0,218

0.148 - 0.14B

0.068 - - 0.06B

0.011 - - 0.110

0.030 - - 0.030

0.0 0,0

0.6~0,3 - - 0.6~0.3

1.5 -- 1,5

0.03 - 0.03

0.75 - - 0.75

o.03fo .03 o.03~o,03

1,11 -- 1.11

o.03~o .03 o.03~o ,03

0.100 - - 0.1
0.065 0.065

0.120 - - 0.12

13.6~2

11.of2

14.0~2

15.1f2

lB.0t2

18.7t2

21.7~2

14.0?2

lB.0t2

19.9f2

21 ,7t2

23.2!2

24.6:2

20,3t2

21.122

24.of2

24.812

26,4?2

26.3~2

26.112

23,00~2

24.2!2

25.522

3,6*1

3.511

3.811

3,811

4.5fl

4,8~1

5.O*7

3.oil

4,9fl

5.2fl

4 .9*)

5,5fl

5.4*1

4.5il

5.4t1

5.7:1

5.4? I

5.4?1

5.4fl

5,5~1

4.7fl

5.3fl

5.o~l

4,5

3.2

2.3

3,40

4,15

0,05

0.05

0.05

0.00

0.10

0.10

0.10

0.15

0.15

0,77

0.17

0.12

0.12

0,15

0.15

0.18

0.20

0.17

0,17
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TABLE 2: CALCULATE_O (n,y) CAPTURE CROSS SECTIONS

TARGET Bn(MeV) En(keV): 1 30 100 300 500

Se-87* 5.538 90+70 5.2+5 2.3+2 1 .0+1.5 0.5+0.8
-50 -3 -1 -1.0 -0.5

Se-88* 2.761 10+8 0.7+0.6 0.5+0.4 0.3+0.3 0.3+0.4
-5 -0.3 -0.2 -0.2 --0.2

Br-87 4.951 280+1 90 21+12 9.3+8 6.2+5.7 3.4+6.8
-125 -12 -5 -3.5 --4.0

Br-88* 3.751 34+28 19+16 1 .0+1.3 0.2+1.0 o.o”l+o.2
-20 -lo -0.8 -0.6 -0.1

Br-89* 3.371 93+75 5.4+5 2.3+2.3 1.B+2.4 0.60+ 1.4
-50 -3 -1.5 -1.5 -0.8

Kr-89 6.461 280+1 90 20+1 7 B.6+7 5.0+4 3.2+5
-125 -11 -4 -2 -3

Kr-90 4.661 150+100 12+10 6.9+5 6.1+5 6+5
-70 -7 -3 -3 -3

Kr-91 5.451 135+100 8+7 3.4+3 2+2 1+2.6
-70 -4 -2 -1 -1.5

Rb-91 5.221 B20+530 80+74
-350 -50

Rb-92 5.B71 520+320 50+40
-210 -30

Rb-93 4.611 680+430 62+60
-280 -40

Rb-94 5.161 620+390 52+50
-260 -30

32+30
-20

21+17
-11

25+23
-14

21+19
-12

12+12
-7

3.0+3.5
-2.0

13+12
-7

5+5
-3

6+7
-4

1 .0+1.3
-0.8

5.2+5.9
-3.5

1.0+1.4
-0.8

Sr-92 5.659 320 33 16 15 15

Sr-93 6.751 400 31 13 4.8 2

Sr-94 4.251 150 11 6.5 6 6

*8inding energy from Mo–81.
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TABLE 2: CALCULATED (n,y) CAPTURE CROSS SECTIONS--continued

TARGET Bn(t4eV) En(keV): 1 30 100 300 500

Sr-95 6.001 380+290 29+30 12+14 4.5+7 T.13+3.5
-190 -20 -9 -4 -2.0

Sr-96 4.001 150 11 6.3 6 6

Sr-97 6.371 600 53 21 4.6 2

Y-95 5.268 1130+630 170+140 70+60 49+36 51+40
-420 -90 -40 -20 -24

Y-96 5.921 790 120 54 3.3 1.10

Y-97 4.981 890 120 52 39 43

Y-99 4.211 500 51 22 4.8 2.2

-—

Zr-98 4.669 350 34 16 15 16.

Zr-99 6.781 570 69 29 4.6 1.9

Zr-100 4.521 2B0 26 13 3.8 1.9

Zr-101 6.901 1025+540 130+11 o 50+60 11+20 4. 6+8
-360 -70 -40 -12 -5

Zr-102 4.081 177 14 8 14 0.8

Zr-103 6.111 400 31 17 2.7 1.1

Nb-101 5.4B1 T900 380 170 53 30

Nb-102 7.121 1950+630 480+320 220+400 T8+60 5.8+11
-400 -200 -160 -18 -5.8

Nb-103 4.592 1030 130 54 13 5.4

Nb-1 04* 6.351 1290 230 100 7 2.3
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TABLE 2: CALCULATED (n,y) CAPTURE CROSS SECTIONS--continued

TARGE1 Bn(t4eV) En(keV): 1 30 100 300 500

Mo-I 02 5.119 440 52 24 23 12

Me-l 03 1.961 1550 310 130 31 14

Me-l 04 4.711 300+190 28+30 14+12 4.5+4.0 2.5+2.5
-125 -18 -8 -3.0 -1.5

Mo-105* 6.901 900 111 44 10 4.6

— —.

Tc-10b 7.551 2340 840 440 50 16

Tc-107* 4.072 550+300 50+45 21+25 4,6+10 2.1+3.5
-200 -30 -16 -4 -2.0

Ru-1OB 5.061 350+200 38+35 19+15 B+7 4+4
-130 -23 -9 -4 -2

In-124 7.47) 2110+900 310+200 110+80 27+30 13+17
-600 -100 -50 -18 -lo

—.

Sri-l30 5.171 90+36 10+5 5+3 4+2 4+2
-24 -3 -2 -1 -1

Sn-131 6.981 110 8.7 3.9 2.6 2!.2

Sb-130 7.791 4197 556 276 114 67

Sb-731 5.581

Sb-132 7.441

Sb-133 2.961

.

710+400 70+50 32+23 17+17 “11+13
-300 -30 -14 -10 -7

500 170 77 34 22

22 1.3 0.6 0.34 0.32

Te-130 5.924 490 76 44 34 36

Te-131 8.0B3 13B3 164 80 47 35
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TABLE 2: CALCULATED (n,y) CAPTURE CROSS SECTIONS--continued

TARGET Bn(MeV) En(keV): 1 30 100 300 500

Te-132 5.788 200+1 00 28+1 5 ]7+9 13+7 14+8
-60 -10 -6 -4 -5

Te-133 7.B1l 1000 113 51 37 30

Te-135 5.301 100 7.5 3.2 2 1.8

1-132 6500 800 320 144 89

1-133 6.14 1400+1100 150+120 70+62 43+43 30+30
-640 -70 -33 -20 -15

I-1 34 7.9 2700+2500 300+300 100+120 3B+52 27+40
-1400 -150 -54 -21 -17

1-135 3.7

1-136 5.361

1-137 3.081

84+47 5.8+4 2.4+1.5 1 .4+1.2 1 .4+1.0
-31 -2 -1.1 -0.6 -0.6

510+250 4B+30 22+1 5 7+5.6 3. B+3. O
-159 -19 -B -2. B -1.7

13. 0+60 8.4+5 3.6+2.4 2.0+1.7 1.3+1.0
-40 -3 -1.5 -0.8 -0.6

1-138 4.4”11 422+250 40+27 11+9 1 .5+1.2 0.7+0.6
-150 -16 -5 -0.6 -0.3

Xe-135 7.99 330 43 19 11 9.2

Xe-136 3.861 18+6
-4

2.4+0.5
-0.3

1.3+0.3
-0.2

0.9+0.3
-0.2

1.0+0.3
-0.2

Xe-137 5.886 170+B0
-50

13+7
-5

5.5+3
-2

3.1+2.0
-1.3

2.8+2.0
-1.2

Xe-138 3.791 50+24
-17

5.3+3
-2

2.7+2
-1

2.1+1.4
-0.8

2.3+1.5
-0.9

Xc-l 39 5.501 190+90
-60

19+12
-7

10+7
-4

6.6+4.3
-2.5

7+4
-3

Xe-140 3.B91 110+80
-50

16+1 1
-7

9+8
-4

6.7+5.1
-3.0

6+4
-3
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TABLE 2: CALCULATED (n,y) CAPTURE CROSS SECTIONS --continued

TARGET Bn(f4eV) En(keV): 1 30 100 300 500

CS-139 4.6B1 990+630
-390

CS-140 5.831 1700+940
-620

CS-141 4.021 970+550
-360

CS-142 5.481 3200+1 700
-1100

CS-143 3.641 1300+900
-500

93+60 45+30 25+21 21+17
-40 -20 -11 -10

130+70 35+26 6.7+5.5 4+3
-50 -15 -3.1 -2

93+52 41 +26 12+9 7+5
-35 -17 -5 -3

220+1 30 40+29 7.4+5.6 4+3
-BO -17 -3.2 -2

130+80 40+29 9+7 5+4
-50 -17 -4 -2

—— .

Ba-141 5.91 600+360
-210

54+36
-21

25+1 8
-10

15+10
-6

14+9
-5

Ba-142 4.26 210+160
-90

32+24
-15

20+1 6
-10

14+12
-7

5.4+5
-3

Ba-143 6.09 1300+900
-500

120+B0
-50

45+36
-20

14+12
-6

8+7
-4

13+14
-7

3+4
-2

2.6+3.0
-1.4

Ba-144 3.B6 150+130
-70

23+19
-12

Ba-145 5.81 91O+B73
-491

85+B0
-4B

35+43
-26

12+1B.6
-9

7.5+9.8
-6.2

0.3+0.4
-0.2

0.3+0.4
-0.2

Ba-146 2.672 26+26
-14

3.5+4.0
-2.0

1 .6+2.0
-1.0

La-144 6.061 7100+3100 620+270 340+1 60 32+26 14+12
-2400 -200 -120 -14 -7

La-145 4.611 5700+2700 490+220 230+1 20 60+44 31+25
-2000 -160 -90 -26 -14

—
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TABLE 3: Sensitivity Calculations for 1~~Ba

Results from Standard Parameter and their Variations

Standard Parameters

Target Nucleus Nuclear
Structure Data Variation

a+ Aa

a– 4a

Ux + AUX

Ux - AUX

02 + Aa2

a= - Aa2

Iwmin.

I“max.

Ecut
+ AE

cut
Ecut - AEcut

otal Dercent error due
o uncertainty in compound
ucleus parametrization
Compound Nucleus Nuclear
Structure Data Variation

a- Aa

Ux + AUX

1-lx- AUX

02 + Aaz

02 - Aa2

otal percent error due
o uncertainty in compound
ucleus Darameteri zation

otal Dercent error

021A

G(1 keV;

910.0

910.0

910.0

910.0

910.0

910.0

910.0

99B. O

671.0

910.0

910.0

+1o
-26

1324.0

623.0

1665.0

501.0

920.0

899.0

979.0

896.0

+95
-55

+96
-61

(30 keV

B5. O

B5. O

85.0

85.0

B5. O

85.0

85.0

93.0

65.0

86.0

82.0

+9
-24

125.0

61.0

154.0

50.0

B7. O

86.0

91.0

83.0

.+94
-50

+94
-55

?(100 keV)

35.0

34.0

37.0

28.0

41.0

34.0

39.0

35.0

30.0

40.0

32.0

+26
-26

53.0

23.0

66.0

19.0

35.0

36.0

37.0

34.0

+100
-57

+103
-79

(300 keV)

12.0

11.0

14.0

7.0

18.0

11.0

16.0

10.0

14.0

14.0

11.6

+67
-47

20.0

7.8

24.0

6.6

13.0

12.0

13.0

12.0

+120
-57

+137
-74

(500 keV)

7.6

——

6.2

9.2

3.1

13.0

6.2

11.0

5.1

10.0

8.0

7.1

+107
-60

—

12.0

4.6

14.0

4.0

7.5

7.4

7.9

7.4

+100
-62

+1 46
-86

-3i’-



“r—————l
10

t

4

t 1

1— Deformed opticalmodel MU-84

2 --- Sphericalopticalmodel MU-4

......Adopted sphericalopticalmodel MO-83
1

t 1o~
80 100 120 140 160

A

Figure 1





‘“”””YAdopted sphericalopticalmodel MO-83

t 3s

(A”
x

u
0

J,, ,+~:~~~,,,,
40 60 80 100 120 140 160

A

Figure 2



100.1

10.(

w“
x

*
0

1.(

o.’

1 I 1 I 1 I I I I I

—Deformed opticalmodel MU-84

---Adopted spherical optical model MO-8:

I , I I I I ,
I 60 80 100 120 140 ;0

A

Figure 3



100.0 ~
I I I

‘— Spherical optical model MU-84

‘--- Adopted spherical optical model MO-83-

10.0 –

mm ,++4 +
x

e
0

/’+++ /4

1.0 — /
6;

‘“ i++ +
● I

y /
,/

\ t
\ \ ,*’

‘.-”

0.1 I I I
75 100 125 150 775

A

Figure 4



60

~=o.1

50 –

w.
“: 40

z ..
5
x
g 30
0?

I I I I I I I I

20 30 40 50 60 70 80 90

Number of particles N or P

Figure 5



24

20

r

●

!.; 4

.

●

.4

- 12

8

4

I I

● ● .

—

* —

—

I—

I I I I I I I I
o
0 40 50 60 70 80 90 100 110

Neutron number

Figure 6



8,0 –

.

4.0 –

2.0 —
.

I I I I I I I

40 50 60 70 80 90 100 110

Neutrcm number

Figure 7



25,0

[

— Overallsystematic and’locai
systematic for e-0, 0-e, 0-0 isotopes

-—-— Extrapolated local systematic
for e-e targets

20,0~ Experirmentaldata from neutron resonance

15.0

analysis and from level scheme analysis

O Se
----

. Kr + Br + Rb

D Sr AY ❑ Zr

/

# Mo ,&l””H ‘

Q Nb O R. a Tc

At?’

4~. --*=.

@
~*\\& ,/

I I I I

g

+ 0.5

I

Symbols for data for compound nuclei
from e-o, o-e, o-o targets are circled

“0~—
40 45 50 55 60 65 –

Neutron number Nc

Figure 8



25.0

20.0

15.C

10.C

0.7

0.5

0.:

0.‘

(

9.(

7.(

5.[

3.(

1.[

(

— Overall systematic and local
systematic for In, Sb, Cs, La and Te
e-0, o-e,o-o isotopes

——— Local systematic for Sn isotopes

. . . . . . . . . Local systematic for Ba & Te e-e isotopes

—.. .— Local systematic for Ba e-o isotopes

Local systematic for Xe e-e isotopes—.. —

—.— Local systematic for Xe e-o isotopes

“s3. . .

0 -..””%.
—. .-..+.. “\ ““..

,- - A. -*--*
@

@

Symbols for data for compound nuclei
from e-o, o-e, o-o targets are circled

I I I I I

cYk* $’0.
“ s.

— ma n

Experimental data from neutron resonance
analysis and from level scheme analysis

o In + Sb o Te *1

— OXe ● Cs = Ba ❑ La

I I I I I

—

—

I
t

I I I I
-- .- --

70 75 Ho m Yu

Neutron number Nc

Figure 9



Spherical nuclei

25,0 —

~

~
20.0 –

ul”

15.0 –

<!

10.0 I , I I , , I I I , 1
50 100 150 200 250

i :LKzzzl
o 50 100 150 200

A

Figure 10



Deformed nuclei

1,5,iiw
-0.4 -0.2 0 0.2 0.4

0.6 }

:k
-0.4 -0.2 0 0.2 0.4

L
4.0 –

2,0 – _.# 4“’9---%-4=
o ‘“Q~*’ ‘0 1 1 )11,1,,,

$L!dzc3
o 50 100 150 200 250

A

Figure 11



10.0 I I I I 1
1

Average S-wave radiative widths

● Even A target explt
●

A Odd A target explt

1.0 –
O Even A target talc this work

A odd A target talc this work

5
~

A
“~ o
~

0.1 – ● )

o

1 I [ I I I ! I ,

60 80 100 120 140 160

A

Figure 12



1.0IA>0.1

60

Average P-wave radiative widths

● Even A target explt

A Odd A target expit

O Even A target talc this work

A Odd A target talc this work

●

●a
\

L-&+&+#
80

A

Figure 13




